Abstract The insulin-like growth factor (IGF) system is an important regulator of bone formation. The IGFs (IGF-I and IGF-II) are the most abundant growth factors produced by bone, and are regulated by their six high affinity binding proteins (IGFBPs). The IGFBPs are produced by osteoblasts and are responsible for transporting the IGFs and extending their half-lives. In general, IGFBP-1, -2, -4, and -6 inhibit and IGFBP-3 and -5 stimulate osteoblast function. IGFBP-4 and -5 are the most abundant IGFBPs produced by osteoblasts, and therefore they are the primary focus of this review. IGFBP-5 is an important stimulator of bone formation and may also function independently of IGFs. IGFBP-4 inhibits osteoblast function by sequestering IGF and preventing it from binding to its receptor. This review focuses on the specific IGFdependent and IGF-independent roles of the IGFBPs in bone formation, as well as their potential mechanisms of action. In addition, discussion of the regulation of the IGFBPs by post-translational modification (i.e., proteolysis) has been included. Studies on the regulation of production and actions of IGFBPs suggest that the IGFBP system in bone is pleiotropic and capable of serving multiple effector inputs from systemic and local sources.
Introduction
The growth hormone (GH)/insulin-like growth factor (IGF-I and IGF-II) axis is important in the regulation of growth and development. Insulin-like growth factors-I and -II are the most abundant growth factors produced by osteoblasts, and exert important effects on the proliferation, differentiation, and apoptosis of osteoblasts. Accordingly, mice lacking functional IGF-I exhibit severe deficiency in bone formation and a 60% deficit in peak bone mineral density (BMD) [1] . Furthermore, patients with disruption of the IGF-I gene exhibit a peak BMD of five to six standard deviations lower than corresponding age-matched normal subjects [2, 3, 4] . Studies on the mechanisms by which the actions of IGFs are regulated in bone and other tissues have revealed that the IGF system is pleiotropic, consisting of multiple components, which include GH, IGF-I, IGF-II, the type I and type II IGF receptors, six high affinity IGF binding proteins (IGFBPs), IGFBP proteases, and inhibition and activation of IGFBP proteases [5] .
In recent years, one component of the IGF system, the IGFBPs, have received considerable attention as regulators of IGF actions. Although it is well accepted that, in general, the IGFBPs are responsible for transporting IGFs in the circulation and extending their half-lives, the exact physiological functions and mechanisms by which the IGFBPs act are still not completely known. The IGFBPs have been reported to have stimulatory or inhibitory actions on the IGFs in bone, and recent experiments have provided evidence that some of IGFBPs function independently of IGF to increase parameters of bone formation. Studies on the molecular mechanisms by which IGFBPs mediate their IGF-dependent and IGF-independent effects have revealed evidence for complex mechanisms, involving both transcriptional and post-transcriptional (i.e., IGFBP proteases) mechanisms that vary depending on the IGFBP and cell type studied. In addition, the finding that IGFBPs are produced in greater abundance than IGFs by bone cells is consistent with the concept that IGFBPs are important regulators of osteoblasts. Therefore, this review will focus on the role of IGFBPs in the regulation of IGF action in bone formation, with an emphasis on the roles of IGFBP-4 and -5, the two most abundant IGFBPs in bone.
Basic studies to clarify clinical issues relevant to the IGF system
Bone formation is an important process in all species. In humans, when there is an uncoupling of this process and bone resorption exceeds bone formation, osteoporosis or bone fragility may occur. Osteoporosis, a disease characterized by a low BMD, is a major health concern in humans. Therefore, it is important that we have a full understanding of the factors that regulate bone formation and resorption, as well as how these factors themselves are regulated. Many experiments have examined factors, such as parathyroid hormone (PTH), bone morphogenic protein (BMP), vitamin D, GH, and IGFs, which are associated with attaining peak bone density during periods of growth and development in humans and animals. The IGF system plays a critical role in the regulation of bone formation, with IGF-I positively correlated with BMD. Following birth in mice, there is a transition between IGF-II and IGF-I, such that IGF-I is the predominant IGF during puberty, a rapid growth period when 40%-50% of bone accretion occurs. For example, compared with IGF-I and GH knockout mice, there is less of a decrease in body weight, bone mineral content, and BMD in IGF-II knockout mice [1] . Therefore, the GH/IGF system is critical in mediating bone accretion during puberty, with IGF-I being the predominant IGF.
In general, GH stimulates the release of the IGFs from the liver, and the IGFs have endocrine effects. However, many tissues, such as bone, muscle, and adipose, secrete IGFs for paracrine and autocrine effects. Until recently, it was believed that liver IGF-I was necessary for normal pre-and post-natal growth, since mice with a null mutation for IGF-I had decreased growth and bone development, with many dying after birth [6, 7] . However, this was questioned when Yakar et al. [8, 9] used the cre-lox approach to knockout IGF-I in mouse liver. In the liver of IGF-I knockout mice, there was a 75% reduction in circulating IGF-I; however, these mice underwent normal growth and development [8] . At this point, it was speculated that autocrine and/or paracrine IGF-I might be able to support normal post-natal growth.
Since the IGFs are often found in a tertiary complex with acid labile subunits (ALS) and an IGFBP in the circulation, it was hypothesized that deletion of ALS would also affect normal growth. In the ALS knockout mice, there was a 65% reduction in circulating IGF-I and a 10% reduction in body weight compared with control mice [9] . When IGF-I and ALS were both knocked out, there was a drastic reduction in circulating IGF-I to 10%-15% of controls, as well as a decrease in bone formation and overall growth [9] . These data in IGF-I/ALS knockout mice, which had the greatest decrease in circulating IGF-I, indicate that a threshold level of IGF-I in the circulation may be required for normal growth. These experiments support the importance of endocrine IGF-I in regulating growth and development; however, further work is needed to determine the relative contribution of endocrine versus autocrine/paracrine IGF-I in bone regulation.
The IGFs (IGF-I and -II) are the most abundant growth factors stored in bone and produced by osteoblasts [10] . The IGFs are also produced by osteoclasts and act in an autocrine/paracrine manner to regulate bone resporption and/or formation; however, fewer experiments have examined the role of IGF-I in bone resorption [5] . During periods of growth, such as puberty or following GH treatment, serum concentrations of IGF-I are positively correlated with bone formation markers, osteocalcin, and alkaline phosphatase (ALP) [11, 12, 13] . The IGFs increase bone formation by regulating proliferation, differentiation, and apoptosis of osteoblasts [5, 11, 14] . In bone, the IGFs primarily act by binding to the type I receptor. The IGFBPs regulate the IGFs by preventing their binding to the receptor and/or by regulating the amount of IGFs in the circulation that are available to local tissues. Since IGFs cannot act when bound to IGFBPs, IGFBPs must also be regulated. The IGFBPs are regulated by specific proteases that cleave IGFBPs, thus reducing their IGF binding affinity dramatically. The IGF is then released and is able to bind to its receptor. Thus, the pleiotropic nature of the IGF system allows an organism to accurately regulate IGF actions depending on the systemic and local needs.
General structural features of IGFBPs
Across all IGFBPs, the structures are highly conserved. IGFBPs have three main domains and several sub-domains, all of which are important for their specific functions. The central domain has almost no structural conservation between the six IGFBPs and accounts for the variation in the actions of IGFBPs [15] . The IGFBPs each have a conserved amino-terminal domain with six disulfide bonds, except IGFBP-6, which has five disulfide bonds, and a conserved cysteine-rich carboxyl-terminal domain with three disulfide bonds, most of which are included in IGF-binding domains [15] . There is variation between IGFBPs in terms of which terminal is involved in IGF binding and this may explain the different affinities for IGF-I and -II observed between the IGFBPs. For example, we determined that IGFBP-4 contains a single binding site for IGF-I and IGF-II and binds them with equal affinity [16] . This site is located in the amino-terminal, since amino-terminal fragments of IGFBP-4 retained IGF binding activity. Although the IGFBP-4 fragments did not contain independent IGF binding sites in the carboxyl-terminal, both the amino-and carboxylterminals are required for optimal IGF-binding [16] . In contrast, IGFBP-2, -5, and -6 have a greater affinity for IGF-II than IGF-I [17] . Therefore, these IGFBPs may have separate binding sites for IGF-I and -II [16] .
Although IGFBPs are highly conserved, the differences in structure contribute to their specific activity, their association with IGFs, and their roles in different experimental conditions. The IGFBPs can be associated with cell surfaces and are regulated post-translationally by phosphorylation and glycosylation [15, 18] . IGFBP-1, -3, and -5 are secreted as phosphoproteins; however, phosphorylation only appears to affect IGF binding affinity of IGFBP-1 [18] . For example, in humans, phosphorylated IGFBP-1 has a six-fold greater affinity for IGF-I than non-phosphorylated IGFBP-1 and this keeps IGFBP-1 from binding to the cell surface [15, 18] . IGFBP-3 is primarily found in the glycosylated from and is N -glycosylated, whereas IGFBP-1, -5, and -6 are O -glycosylated [15] . Aside from potentially altering the cell association of IGFBPs, the functional implications of phosphorylation and glycosylation of IGFBPs are not completely understood. For a more-complete review of the structural features of IGFBPs and their interactions with the IGFs, the authors direct the reader to the following reviews [15, 18] .
General functional features of IGFBPs
The important actions of the IGFs are regulated by six high-affinity IGFBPs, which bind IGFs with an affinity at least equal to or greater than the binding of IGFs to the IGF receptors [19] . In general, IGFBPs act in the serum to regulate the endocrine as well as local actions of the IGFs. The IGFBPs prolong the half-life, prevent insulin-like activity, and control the bioavailability of the IGFs [20] . About 75% of the IGFs in serum circulate bound to a 150-to 200-kDa complex, which consists of a 7.5-kDa IGF-I/ IGF-II, a 38-to 43-kDa IGFBP-3, and an 80-to 90-kDa ALS [10, 17, 18, 19] . This large complex acts as a reservoir and cannot cross the endothelial barrier [17] . To a lesser degree, IGFBP-5 may also be found in a tertiary complex with IGF and ALS [15] . In adult humans, about 90% of IGFBP-3 and 55% of IGFBP-5 are found in this large complex [18] . About 20%-25% of the IGFs are found in a smaller 40-to 50-kDa binary complex with the other IGFBPs. The smaller complex is able to cross the vascular endothelium, at which point the IGFBPs can be proteolyzed by specific proteases, allowing IGF to bind to its receptor.
In addition to regulating the activity of IGFs in the circulation, IGFBPs have also been shown to function as local regulators of IGF action in bone and other tissues. The role of IGFBPs can vary considerably at the local level depending on the experimental conditions as well as how they are regulated by factors such as phosphorylation, proteolysis, and IGFBP-cell surface association [17] . The primary roles of IGFBPs are dependent on the IGFs and they can either inhibit or stimulate IGF actions; however, some IGFBPs exhibit both actions. Specifically, IGFBP-1, -2, -4, and -6 primarily inhibit the IGFs by binding to them and preventing them from binding to their receptors [19, 21, 22] . IGFBP-3 and -5 stimulate the actions of the IGFs because they bind IGF in a tertiary complex and make it available in the circulation. Specifically, IGFBP-5 associates with proteins on the cell surface and increases local concentrations of IGFs in the vicinity of the IGF receptors [23] .
The IGFBPs also have IGF-independent roles in cell migration, cell growth, and apoptosis [20] . In Chinese hamster ovary cells transfected with IGFBP-1, cell migration increased in the absence of IGF-I [24] . Recently it has been determined that these IGF-independent actions of IGFBP-1 are a consequence of binding to an a5b1 integrin receptor [25] . In a previous review, we discussed many studies that support the role of IGFBP-3 in cell growth and apoptosis [20] . These actions were independent of IGF signaling. We also reported, through indirect evidence, that IGFBP-5 independently increases differentiation of MG63, human osteosarcoma cells that do not produce IGF-I or II [26] . Additional direct evidence that IGFBP-5 promotes cell growth in IGF-I-deficient cells further supports the role of IGFBP-5 in IGF-independent cell growth [27] . The IGFBPs can act independently of the IGFs by binding to putative cell surface receptors as well as through nuclear localization and interaction with transcriptional modulators [20] . Overall, the IGFBPs have multifunctional roles in bone as well as other tissues, and the variation in their roles is related to the cell type, experimental condition, and how they are regulated (i.e., proteolysis).
Functions of IGFBPs in bone
This review will focus on the role of IGFBPs in bone. For further information about IGFBPs in other tissues, please refer to one of our previous reviews [17] . Osteoblast cells produce all six IGFBPs; however, the amount of each binding protein varies depending on the site of expression and species [20] . For example, IGFBP-3, -4, and -5 are most actively produced in vertebral cells, mandibular cells, and calvarial cells, respectively [5] . As previously stated, IGFBPs can be found in tertiary or binary complexes, which determine its role in osteoblast function (Fig. 1) . The expression of the individual IGFBPs also depends on the type and stage of osteoblast cell differentiation [5] . As in other tissues, IGFBPs in bone can inhibit or potentiate the actions of IGFs on osteoblasts and osteoclasts [17, 19, 23, 28, 29] . In general IGFBP-1, -2, -4, and -6 inhibit IGF action and IGFBP-3 and -5 stimulate IGF action in bone. This is supported by in vitro data that demonstrate that IGFBPs that inhibit IGFs are associated with decreased osteoblast proliferation, whereas the IGFBPs that stimulate IGFs are associated with increased osteoblast proliferation and bone formation [5] . These data parallel in vivo data that demonstrate that potentiating IGFBPs increase with increased growth and bone formation, whereas inhibitory IGFBPs decrease with decreased growth and decreased bone formation [5] .
We recently reported indirect evidence that circulating components of the IGF system contribute to an impairment of bone formation, a condition associated with bone loss [30] . Specifically, in patients with osteoporosis, an imbalance in IGFBPs occurs such that there is an increase in inhibitory proteins (IGFBP-1, 2-, 4, and -6) and a decrease in stimulatory proteins (IGF-I, IGFBP-3, and -5), which is further aggravated in patients with fractures [30] . Although the binding proteins have general stimulatory or inhibitory functions within the body as well as bone, the specific functions of each IGFBP are dependent on the cell type and conditions of the experiment. Therefore, this review will go into further detail about the role of IGFBPs in bone with special emphasis on IGFBP-4 and -5.
Role of IGFBP-5 in bone IGFBP-5 is the most abundant IGFBP stored in bone [14] and plays an important role in the regulation of bone formation. In 1991, we discovered that IGFBP-5 was largely responsible for regulating IGF-II storage in bone [31] , although the mechanism by which IGF-II could bind to bone was unknown. Shortly after, we determined that IGFBP-5 could bind to hydroxyapatite, which provided a link between IGF-II and bone [31] . In addition, IGFBP-5 can bind to extracellular matrix proteins, thus providing another mechanism for IGFs to adhere to the bone cell surface [23, 31, 32] . Since then, numerous in vivo and in vitro experiments have confirmed the importance of IGFBP-5 in the regulation of bone formation [5, 14, 26, 27, 33, 34] . Based on recent in vitro and in vivo data, we can speculate on the mechanisms by which IGFBP-5 may potentiate IGF action (Table 1) ; however, further work is still required to confirm the extent to which these mechanisms are involved in mediating IGF-dependent actions of IGFBP-5.
Similar to the IGFs, IGFBP-5 is positively correlated with growth and bone formation, such that it increases with growth or GH treatment and decreases with age and decreased bone formation [5, 32, 35] . Although some of the other IGFBPs may have both inhibitory and stimulating effects on the IGFs, IGFBP-5 is the only IGFBP that consistently stimulates proliferation of osteoblast cells in vitro [27] . There are several reports that IGFBP-5 stimulates bone formation parameters in vitro and in vivo [26, 35, 36] . In addition, in several different cell lines, IGFBP-5 has been reported to stimulate basal and IGFinduced cell proliferation [5, 27, 31, 35] . Similarly, IGFBP-5 administration in vivo stimulates bone formation parameters (osteocalcin, ALP), but not serum concentrations of IGF-I [26, 35] . This indicates that, in addition to possessing IGF-dependent actions, IGFBP-5 may also function independently of IGF-I. IGFBP-5 has also been reported to stimulate osteoclast bone resorption by augmenting IGF-I; however, this only occurred in the presence of osteoblasts; therefore, the action of IGFBP-5 on osteoclasts may be indirect [29] .
In contrast to the positive effects of IGFBP-5 on bone formation parameters, IGFBP-5 overexpression using the osteocalcin promoter revealed significant reductions in trabecular bone volume at 5 weeks of age [34] . It is possible that the osteoblast response to IGFBP-5 may vary with dose or may be different with continuous versus intermittent IGFBP-5 exposure, as is the case with PTH [37] . The observed inhibitory effects of transgenic over- Fig. 1 Model of systemic and local actions of insulin-like growth factor binding proteins (IGFBPs) in bone. Bone cells are exposed to IGF system components from multiple sources. (1) IGF system components from blood, which represents a systemic source; (2) locally produced IGF system components from osteoblasts, which represents a local source; and (3) IGFs and IGFBPs released from bone during osteoclastic bone resorption, which also represents a local source In terms of the mechanisms by which IGFBP-5 treatment increases bone formation, we have reported in vivo and in vitro data that demonstrate IGFBP-5 functions as a growth factor independent of IGF ( Fig. 2) [27] . In IGF-I knockout and wild type mice and mouse osteoblasts from IGF-I knockout and wild type mice, IGFBP-5 but not IGF-I administration increased proliferation and ALP activity [27] . IGFBP-5 binds to a putative receptor on the cell surface to stimulate serine/threonine kinase activity and protein phosphorylation [5, 33] . Based on these data, it has been speculated that IGFBP-5 acts independently of IGF by binding to a putative receptor [33] . However, the identity of the IGFBP-5 receptor remains unknown at present.
IGFBP-5 may also regulate bone formation through regulation of gene transcription [14] . In this regard, IGFBP-5 contains a nuclear localization sequence that facilitates its transport to the nucleus [38, 39] . In addition, we have new evidence that IGFBP-5 interacts with four and a half lim protein 2 (FHL2), which was supported by the localization of both FHL2 and IGFBP-5 in the nucleus [14] . Using a yeast two-hybrid system, we identified several FHL2 cDNAs in which the C-terminal regions contain at least two LIM domains that are sufficient for IGFBP-5 and FHL2 to interact [14] . FHL2 interaction is specific for IGFBP-5 among the IGFBPs expressed in normal human osteoblasts, and it may be regulated by p53 [14] . Because IGFBP-5, but not FHL2, contains a nuclear localization signal (NLS), we hypothesize that this interaction facilitates transport of FHL2 into the nucleus. At this point, the FHL2/IGFBP-5 complex may interact with other transcription modulators to stimulate transcription of target genes that may be involved in regulating osteoblast cell proliferation and differentiation [14] . Our current studies are focused towards addressing this hypothesis.
It is now known that the actions of IGFBP-5 are regulated by proteases capable of degrading IGFBP-5 into fragments. Osteoblasts in culture produce a number of proteases, including pregnancy-associated plasma protein (PAPP)-A and ADAM-9, which degrade IGFBP-5 [20, 40] . In terms of the issue of whether the fragments generated by proteolysis of IGFBP-5 by its proteases are biologically significant, it has been shown that fragments of IGFBP-5 stimulated bone formation in vivo [35, 41] . However, the relative potency of IGFBP-5 fragments generated during proteolysis of IGFBP-5 in stimulating bone formation compared with intact IGFBP-5 remains to be determined.
Role of IGFBP-4 in bone
IGFBP-4 is also a major IGFBP produced by bone cells; however, it has the opposite role of IGFBP-5. In transgenic mice that overexpress IGFBP-4 in osteoblasts, there is a decrease in bone volume, cortical bone density, osteoblast number, bone formation, and IGFBP-5 [42] . In these mice, there was a 60% decrease in bone volume compared with controls, whereas in mice overexpressing IGF-I there is a 22% increase in bone volume compared with controls [42] . Therefore, IGFBP-4 is a very important inhibitory growth factor in bone formation. Studies on the mechanism by which IGFBP-4 inhibits IGF action led to the demonstration that, upon binding to IGF, IGFBP-4 sequesters IGF and blocks it from binding to the type 1 receptor [23] . This idea was supported by an experiment demonstrating that small fragments of IGFBP-4 are less potent than intact IGFBP-4 in inhibiting IGFinduced cell proliferation [16, 43] .
In general, in vitro experiments have consistently indicated that IGFBP-4 inhibits IGF-I-and IGF-II-induced proliferation in a number of cell types in addition to osteoblasts [12] . Recent in vivo data have shown stimulatory and inhibitory actions of IGFBP-4 depending on the experimental conditions. For example, local administration of IGFBP-4 in mice blocked the IGF-I-induced increase in ALP activity [22] . However, when mice were treated systemically with IGFBP-4 at pharmacological doses, there was a significant increase in bone formation parameters in serum and bone extracts [22] . These unexpected results have given us a better understanding of the systemic affects of BP-4, suggesting that local and systemic administration of IGFBP-4 may have different effects on bone formation in mice. We speculate that systemically administered IGFBP-4 increased bone formation parameters due to the increase in circulating IGFBP-4 and the increase in IGF-I found in the binary Fig. 2 Models for IGF-independent effects of IGFBP-5. In model 1, IGFBP-5 binds to putative IGFBP-5 receptor, which has serine threonine kinase activity. Upon binding to its signaling receptor, IGFBP-5 causes activation of transcription factors, which bind to DNA to elicit biological actions. In model 2, IGFBP-5 from the cystoplasm or an extracellular source enters the nucleus via its nuclear localization sequence and transports one or more transcription factors, thereby stimulating transcription of target genes complex (50 kDa) rather than the tertiary complex (150 kDa) [22] . The binary complex of IGF-I/IGFBP-4 is able to cross the vascular endothelium and deliver IGF-I to the cells. These data suggest that the mechanisms regulating the relative levels of binary to tertiary IGF complex could play a role in the regulation of IGF bioavailability from serum to local tissues.
A key regulator of IGF availability to local tissue is the proteolysis of IGFBP-4. We have reported direct evidence that the stimulatory action of systemically administered IGFBP-4 requires proteolysis [43] . In mice that produce low concentrations of IGF-I (midi), there was no effect of systemic IGFBP-4, and in mice injected with IGFBP-4 protease-resistant analogue, there was no increase in serum concentrations of IGF-I [43] . Therefore, we speculate that in order for IGFBP-4 to have a stimulatory effect when administered systemically, it must be cleaved from IGF-I once it passes through the vascular endothelium, allowing IGF to act on the target cell. We believe that the protease responsible for cleavage of IGFBP-4 in these experiments is the IGFBP-4 specific protease, PAPP-A. In 1999, Lawrence et al. discovered that the IGF-dependent IGFBP-4 protease produced by human fibroblasts is PAPP-A. Furthermore, we have found that PAPP-A is the major IGFBP-4 protease produced by human osteoblasts [44] . Consistent with the idea that PAPP-A is involved in regulating IGF actions via IGFBP-4 proteolysis are the findings that PAPP-A knockout mice exhibit retarded growth and delayed mineralization [45] . Overall, IGFBP-4 has an inhibitory role and is an important regulator of osteoblast development. Further experiments are needed to examine the regulation of IGFBP-4 by proteolysis and the components of the IGFBP-4 protease system involved in regulating IGF actions in bone and other tissues.
Role of other IGFBPs in bone
Unlike IGFBP-3, -4, or -5, IGFBP-6 has a greater affinity for IGF-II and is primarily inhibitory [46] . In addition, this protein is unique in that it is the only IGFBP known to potently inhibit osteoblast differentiation [46] . Previous experiments have determined that IGFBP-6 can inhibit osteoblast ALP activity and it mediates the inhibitory actions of all-trans retinoic acid (atRA) in human osteoblasts [47] . In human osteosarcoma cells, we provided direct evidence that atRA induces an increase in IGFBP-6 that is involved in mediating the inhibitory actions of atRA on ALP activity [46] . These data led to the hypothesis that IGFBP-6 may act by sequestering IGF-II. However, recent studies have shown that exogenously added IGF-II did not rescue the inhibitory effect of IGFBP-6 and that extracellular IGFBP-6 was not required to inhibit osteoblast differentiation, indicating that IGF-BP-6 acts independently of IGF-II [48] . We believe that IGFBP-6 acts through an intracrine mechanism since it is able to translocate to the nucleus through a novel NLS [48] . In addition, we have determined that IGFBP-6 interacts with a protein containing the LIM mineralization protein (LMP)-1 [49] , which was previously determined to induce osteoblast differentiation [50] . Based on this interaction, we hypothesize that IGFBP-6 inhibits osteoblast differentiation by sequestering LMP-1 and preventing it from stimulating osteoblast differentiation [49] . Further studies on this important IGFBP are needed to evaluate if IGFBP-6 exerts an important role in regulating osteoblast differentiation and thereby bone formation.
IGFBP-3 is the third most abundant IGFBP expressed in human osteoblasts [22] . Similar to other systems, IGFBP-3 can have inhibitory or potentiating effects in bone. Silha et al. [28] recently reported that overexpression of IGFBP-3 in mice results in decreased BMD due to an inhibition of IGF-I action. Similarly, in mice overexpressing IGFBP-3, there is an increase in osteoclast number and bone resorption, which may be a result of IGF-I inhibition because it is sequestered by the excess IGFBP-3 [28] . This decrease in BMD was associated with a decreased mitogenic response to IGF-I and decreased proliferation [28] . Since IGFBP-3 is primarily found in a tertiary complex that cannot pass through the vascular endothelium, when IGFBP-3 is in excess, it most likely binds IGF-I and prevents it from reaching target tissues. In contrast to these data, exogenously added IGFBP-3 stimulates the IGF action of osteoblasts in vitro [51] . Thus, the actions of locally produced IGFBP-3 may be different from that of IGFBP-3 in the circulation.
The other two IGFBPs expressed by osteoblasts, IGFBP-2 and IGFBP-1, primarily inhibit the actions of the IGFs. Unlike IGFBP-1, -3, and -5, IGFBP-2 must bind to IGF-II in order to bind to the extracellular matrix (ECM) [52] . Therefore, IGFBP-2 acts as a delivery molecule to increase local concentrations of IGF-II, but if ECM is not available, IGFBP-2 is a potent inhibitor of IGF action in osteoblasts [52] . The inhibitory action of IGFBP-2 in vivo has been demonstrated in transgenic mice that overexpress IGFBP-2 [53] . Excess IGFBP-2 inhibits normal and GH-stimulated bone growth, but there is no change in BMD in these mice, which indicates that IGFBP-2 may have a greater effect on bone size and mineral content than on longitudinal bone growth [53] . Limited experiments have examined the role of IGFBP-1 in bone formation; however, it is known that it may act through binding to an integrin receptor [20] . In vitro data have provided conflicting data for IGFBP-1. In human osteosarcoma cells, IGFBP-1 inhibits IGF-I-induced cell proliferation [54] ; however, in chick osteoblasts, we did not observe any effect of IGFBP-1 on cell proliferation [55] . Although IGFBP-1 and -2 are not primary IGFBPs in bone formation, further work is needed to completely understand their role in bone development as well as overall growth.
Summary
The IGFs are important in bone formation since they are the most abundant growth factors found in bone and produced by osteoblasts. In addition, the six high-affinity IGFBPs that regulate the IGFs are also produced by osteoblasts. Therefore, it is important that we understand the individual roles the IGFBPs play in bone and their mechanisms of action. Many in vitro experiments have confirmed the stimulatory role of IGFBP-5 and inhibitory roles of IGFBP-4 and -6. More recent in vivo experiments have provided direct evidence that the IGFBPs not only act as carriers of the IGFs and potentiate their actions by making them available to target tissues, but some of the IGFBPs (i.e., IGFBP-5) act as IGF-independent growth factors. Although the exact mechanisms by which these IGFBPs work to potentiate or inhibit growth independently of IGF are not known, it is suggested that there are putative receptors or potential intracellular signaling molecules that IGFBPs can bind to. Further studies are needed to elucidate the relative contribution of the various identified signaling pathways in mediating IGF-independent effects of IGFBPs in osteoblasts. In addition, further work is needed to identify the role of the proteases and IGFBP fragments in regulating osteoblasts. In conclusion, based on the recent findings on the regulation of production and actions of IGFBPs, we would like to emphasize two main concepts: (1) IGFBPs are as important as IGF ligands in regulating osteoblasts; and (2) IGFBPs behave as independent regulators in bone and other tissues.
